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Abstr act
Redblution and resolution-pef-uhit-time hafe been studied for columns from 4 to 21 mm I.D. Thu effeets of sample size, particle diameter, and linear flow rate were determined. Greatest resolution was obtained for the largest diameter column, and it was attributed to a loading effect. In a related study, efficiency was examined as a function of column diameter for a constant amount of gel and a constant retention time. The narrower columns gave more plates, but their HETP values were also greater. 
Introductio n
Several recent papers have been concerned with optimizing conditions in gel permeation (1, 2) , liquid-solid adsorption (3, 6, 8) , liquid-liQuid (4,7) and gas-liquid (9,10) chromatography.
One author (11) has made a study of maximum allowable sample size if overloading was to be avoided in gel permeation chromatography (GPC). The present paper demonstrates the utility of larger diameter columns for analytical purposes, so as to minimize loading effects for a given amount of sample.
Optimum GPC columns have been predicted to be long and narrow (2) , and data attempting to show the benefit of decreasing the ratio " of column diameter to particle size have been collected from several sources (1) . Column diameter studies at constant loading in liquid-solid chromatography have demonstrated optimum·column diameters to be in the 2 to 4 mm I.D. range (6, 8) . Using coated controlled-surface-porosity supports, 2 mm I.D. columns were shown to give superior results (7), though other have found highest efficiencies in relatively wide (7 mm I.D.) columns (4) . In GLC, 4 and 11 mm I.D. columns were compared, and for samples below 30 ug the narrower column performed best, but above 50 Ug the wider column was superior (9) .
In the present work, two different approaches were followed.
First, the sample size was held constant for several columns, all of the same length but of different diameters, while determining resolution as a function of linear flow rate. This demonstrated that wider columns were more efficient for a given sample size.
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While overloading is a widely recognized phenomenon, the unexpected feature of our data was the very small sample size at which the overloading effect was still observable. In the second, efficiency studies were done using columns of different diameters and different lengths containing the same amount of gel and having the same absolute flow rates. This approach normalized the amount of column support as well as the retention time and indicated how one could most efficiently use a given amount of gel.
Experimental
Reagents. The stock solution for samples used in the resolution study was made from ethylene glycol, pentaethylene For all columns, ethylene glycol came out at the total retention volume (i.e., it was retained completely) whereas pentaethylene All of the columns were equipped with tee fittings that allowed injections to be made directly into the gel bed without interrupting the flow. Column lengths were 16.5 cm for the studies of resolution Ef. linear flow rates and 26, 51 and.70 cm for the efficiency studies.
Glass-wool plugs were used to support the gel bed. The columns were packed by first filling them with water and then introducing a thin slurry of gel from which the fines had been removed. Then, water was allowed to drain from the bottom of the column. 
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Resolution values, ]-, were calculated using:
and HETP values, , from:
where V is the retention volume of the peak, is the void volume, -r V-i is the interstitial volume, W-is the peak width at the baseline obtained by drawing tangents to the sides, and Q is the column length in mm.
Results
Column diameter. Figure 1 shows the results of plotting resolution . 1 -6-diameter up to the limit of 21 mm which was convenient to study. It should be noted that data for both 6 and 10 mm I.D. columns came from three different columns, and that data for 21 mm I.D.
came from two columns. The scatter for the 10 mm I.D. columns is much less than for the other two, suggesting that there may be an optimum column diameter that will give a homogeneous packing for a given particle size.
The fact that resolution steadily increased with increasing PEG. Figure 3 shows the effect of sample size on resolution for both the 6 and 21 mm I.D. columns, and Table I contains data to show the extent to which the effective plate volume on each column was loaded.
In obtaining values for of which approximately half is intersitial volume.
Yet,as can be seen in Table I , increasing the sample size from 1 Al t to 10 ul significantly increased the plate height. It is obvious that very small samples must be used in gel exclusion chromatography if one is to reach the full resolving potential of the column.
Particle Size. Figure 4 shows the beneficial effect of decreasing the average particle size. Going from a 20-44 V (32 p average) to a 44-80 p (62 average) particle size, the change in resolution was 0.7 units at 10 mm/min. This is comparable to the change in resolution of 0.5 units at .the same flow rate when the column diameter approximately doubled from 10 to 21 mm I.D. for constant particle size. In all cases, increasing the ratio of column diameter to particle diameter resulted in greater resolution.
The effect of particle size distribution was not considered.
Though the ultra-fine 10-40 u cut gave the greatest resolution,
there was a drawback in that, at linear flows much above 20 mm/min, the required column pressure became too great for the teflon fittings and leakage occurred.
Efficient gel use. In a related study, it was determined how one could most efficiently use a given amount of gel as a function of ' column diameter. This would be of practical importance to those -9-using column packings available in only small amounts at high cost.
In this case, all of the columns contained the same amount of gel and had the same flow rate in ml/min so that retention times were the same on all columns. Table II shows that, even though the 6 mm I.D. column was operating at the highest linear flow rate and had the highest HETP, it generated the most plates due to its greater length. assuming that plate number increased linearly with column leeth.
Even if operated at the same linear flow rate as the 6 mm column, the 10 mm column would still give superior separations, as Figure 1 shows. Hence, narrow columns make the best use of a given amount of gel, but for a given length wider columns are best, due to We have shown that the smaller particle size cuts give improved resolution. Considering that a G-25 bead swells approximately 1.5 times in water (1), the average swollen particle diameter of a 20-44 p G-25 cut would be 48 p. This gives extremes in our columndiameter to particle-diameter ratios of 83 to 440, which is well above the highly inefficient 10 to 30 ratio range proposed by Horne et.
al. (13). Hamilton found a continuous increase in resolution in
ion-exchange columns as the particle diameters decreased from 55 Moore has presented data tor pdak-*#idth changes Gith cohcehtfatio n.
He used a constant sample size of 800 Ul on a 3/8 in. x 4 ft.
Styragel column having a total volume of approximately 60 ml.
Loading effects began at concentration s ranging from 1 to 10 mg/ml.
This range is equivalent to 0.013 to 0.133 mg per ml of column packing. We have found, thit peak width continued to decrease with sample amount until the signal was lost in the background ndise.
The fact that peak area could not be kept constant for the smallest 
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